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The isentropic chart serves a twofold purpose as (1) a 
hydrodynamic, and (2) a thermodynamic chart-hydro- 
dynamic in the sense that the paths of "tongues" of masi- 
mum water-vapor content serve as identifying indicators 
of the flow pattern and of lateral mixing; and thermody- 
namic with respect to indications of adiabatic changes in 
the air, including water vapor, as it flows along the sloping 
or broadly undulating isentropic surface. The thermo- 
dynamic lnterpretations will be emphasized in this paper. 

As introduced into daily synoptic practice by Rossby 
and collaborators,' the chart usually is drawn to represent 
a contour map of an isentropic surface, with isograms of 
specific humidity along the same surtace. superimposed. 
Other data, such as winds, relatme humidities, clouds, etc., 
are entered a t  points of observation with no special repre- 
sentation as to areal distribution. For thermodynamic 
interpretations it is preferable to use isobars in place of 
elevation contours on the charts, and isentropic-condensa- 
t ion  pressures instead of specific humidities. 1.n this form, 
which has been developed and applied in daily practice by 
the writer and his colleagues, the charts have the same 
general appearance as the specific humidity-altitude 
charts, because pressure and altitude are closely related 
and the condensation pressure along an isentropic surface 
has only one value for each specific humidity; but the use 
of condensation pressure and actual pressure has impor- 
t,ant advantages over the use of specific humidity and 
altitude, which will be outlined in this article. 

Definitions and derivations.-The isentropic-condensa- 
tion pressure is defined as the total pressure to which air 
containing water vapor in the unsaturated state must be 
expanded adiabatically or isentropically without, gain or 
loss of moisture in order to reach saturation. In other 
words, it is the pressure of the condensation level in an 
ordinary adiabatic process in the atmosphere. Designat- 
ing it as po, one finds from Poisson's equation that 

quires that the specific humidity (a) shall remain un- 
changed during the isenbropic process, and, malring use of 
this, one obt,ains the following relations: 

(3) 

(4) 

P o = P ( r )  To % and 
(1) 

Here e is the partial pressure of the water vapor and B is 
the rnt,io of the inolecular w-eight of water vapor to that of 
dry air, or 0.622, (q in grams per gram).* The values of pol 
To and p as well as the potential temperature can be ob- 
tained from any of the thermodynamic charts commonly 
used in meteorology, such as the Hertz-Neuhoff (pseudo- 
adiabatic) diagram, Rossby diagram or the te~higrarn.~ 

To denionstrnte that p o  for any given isentropic surface 
is a function of p alone, it is necessary to introduce two 
more equations in addition to (2) ,  since the latter contains 
three variables. Magnus' formula, 

where E is t-he base of the natural logarithms and E ,  a and 
y are constants, can be used with the aid of mother rela- 
tion which can be derived from Poisson's equation as 
follows : 

If in (1) p = l O O O  mb, then T=e, the potential tempera- 
ture. Along an isentropic surface, then, 

R 

e 
To=; Po' (7) 

R 
mcll where T is the temperature a t  II point with pressure p 

(isentropic-condensation temperatUe) ; m, the IllOleCU- 

pressure (work units), and R, the universal gas constant. 
The dehition of the isentropic-condensation pressure re- 

where K=- and c=lOOO'.  
(>p)  on the isentropic surface; To is the temperature a t  

I Rossby. c. a,, and collaborators, Isentropic analysis, BILL. Am. Mcfcorol. &e., vol. 

t h a " ~ r t ~ ~ ~ ~ t ~ ~ ~ ~ ~ ~ ~ c ' h ~ ~ ~ i ~ ~ ~ ~ ~ ~ ~ ~ . ~ ~ ~ ~ ~  rather than the specific humidity, but th8 
difference between these two quantities is insigni6cant in meteorology. 

L r  weight Of dry alr; cP, the heat at constant Is; I","T?,"t'h.69d3eominator should he p-0.375c, but c is so small in comparison with p 
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Substituting this value for To in 
one obtains 

d P 0 ‘  

eo=k~b+Bpoz  
- 

where b=c-y ,  and (2) becomes 

Magnus’ formuk (5)) 

(8) 

(9) 

which shows that on a given isentropic surface p, and p 
are direct functions of each other. 

Some advantages.-An inspection of the Hertz-Neuhoff 
or similar diagram will show that po-isobars on the 
isentropic chart are better than isograms of specific 
humidity for representing significant moisture differences 
a t  low values of the specifk humidity. Figure 1 denion- 
strates this. The curves are drawn for several isentropic 
surfaces defined by the potential temperatures 2S3, 203, 
303 and 313, and constructed in accordance with (9). I t  
will be noted that along each isentropic surface 
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FIGURE 1. 

is greatest at low values of ,4 assuring good representation 

tropic chart a difference in specific humidity between 1 and 
0.5 g per kg cannot be represented if q-lines are used, the 
use of po-isobars makes it stand out about as well as the 
difference between 10 and 5 /kg. In winter, substantial 

specific humidity often is less than 1 g/kgP 
The ratio of the partial pressures of the water vapor 

5 as well as the ratio of the total pressures, Po, which in 
e ’  P 
(3) is shown to be an exponential function of the tempera- 
ture ratio, is a measure of the nearness to condensation. 
In  this sense it is similar to the relative humidity, the latter 
representing the percenbge of saturation with respect to 
a constant-pressure process while --- measurea the 
fraction of saturation accordbg to an adiabatic or isen- 
tropic process: In the analysis of isentropic flow, the 
ordinary relative humidity has no direct thermodynamic 

of moisture differences a t  ;I ow values. While on the isen- 

amounts of precipitation fa l  K out of clouds, in which the 

p. 

significance. The quantity which may be called the 
“condensation ratio” takes its place. 

P 

4 The equation for the derivative is somewhat complicated and rli5cult to interpret. 
I See Lichtblau. S.: Upper-air cold fronts in North America, MONTHLY WEATHEB 

REVIEW. vol. 64. pp. 414425, 1937. 

On the isentropic chart, drawn according to the plan 
described here, the nearness to condensation is shown by 
the distance between an isobar and the po-isobar which 
has the same value. Where these two meet, saturation 
would beindicated; and unless supersaturation isadmitted, 
they cannot cross. In this way, with a reasonably dense 
network of aerological stations, such as in the United 
States, the regions of saturation for any one or several 
isentropic surfaces can be delineated with accurac . 
With specific humidity and elevation lines i t  is not possib 9 e 
to do this without additional labor, and even then the 
method would not be accurate because, owing to hori- 
zontal pressure gradients, the height of the condensation 
level correspondong to a given specific humidity would 
not be everywhere the same. 

The distance on the chart separating equal p,- and 
p-isobars is a good prognostic criterion when considered 
in relation to t,he prevailing flow pattern. If in extrapo- 
lating the flow into the future it is found that po-isobars 
are overtaking the corresponding p-isobars, saturation 
and precipitation may be expected to follow. The likeli- 
hood of saturation will be indicated especially if the 
p-gradien t (- vp) . is greater than (- vp0).  

On the isentropic chart isobars are also isotherms, since 
T=;pl as in (7). Also, it is evident from (7) that 
po-isobars are isotherms of To, the condensation tempera- 
ture. Since the relation is not linear, the pressure gradient 
cannot be used for obtnining the temperature gradient 
directly. In airways forecasting and dispatching it is 
helpful to know the location of the 0’ isotherm as an indi- 
cation of possibilities of ice formation, especially where 
the p -  and po-isobars approach each other. It is conven- 
ient for this purpose to draw this isotherm in some dis- 
tinguishing color across the chart. The pressures a t  the 
0’ isotherm for various isentropic surfaces is given in the 
table below. 

e 

273 
275 
277 
279 
281 
283 
285 
287 
289 

975 
950 
938 
805 
893 
861 
841 
820 

291 
293 
295 
297 
299 
301 
303 
305 
307 

801 SO8 
782 311 
764 313 
746 315 
729 317 
712 319 
696 321 

865 
880 333 

Isobars are also isosteres and isopycnals (lines of equal 
specific volume and densit ) on the isentropic surface. 

v represents the specific volume: 
This is evident from the fo 9 lowing relationships in which 

The gradient of v is a function of the logarithm of the 
pressure gradient. 

An advantage of isobars over elevation contours is 
seen in t,he analysis of the isentropic chart in the region 
of cold cyclones, which are important features of the cir- 
culation in middle to high latitudes. On acc,ount of the 
low temperature, these cyclones are intense at  high levels 
and therefore produce a pronounced pressure minimum 
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on the upper as well as the lower isentropic surfaces. 
The low temperature further contributes to an elevation 
of these surfaces toward low pressures. In terms of 
altitude, there is no significant efl'ect due to the low 
pressure. The height of a given surface depends on the 
temperature in the air column below and is very little 
affected by the actual values of the pressures. Besides 
temperature, the difference in the logarithms of the pres- 

be much greater in terms of isobars than in terms of eleva- 
tion contours. This suggests a considerable amount of 
solenoidal circulation, which is more to be expected in 
these cyclones than the rather weak activity suggested by 
elevahion contours. 

Due to horizontal pressure gradients a level surface 
may not be a surface of constant pressure. Furthermore, 
the isentropic surface may slope in terms of elevation but 

sures a t  sea level and a t  the isentropic surface is the only 
other variable. The height is given by 

where T,,, is the integrated-mean temperature of the air 
column and p8 is the pressure at  sea level. As an extreme 
example of the effect of actual pressures on height a t  a 
given level, consider a change in pa and p of 80 mb each. 
Then for p8 near 1,000 mb and p near 600 mb the change 
in altitude at a constant mean temperature of 273' A 
would be only about 40 meters. Thus, regardless of 
whether the pressure field shows a HIGH or a LOW, the 
height of the isentropic surface is hardly affected. In 
terms of pressure, on the other hand, the transition from a 
high-pressure area to a low-pressure area on an isentropic. 
surface is marked by a slope even if no temperature 
difference exists. If there is a temperature difference 
such that the low-pressure area is colder, the slope would 

still be a t  the same pressure. This and the fact that 
thermodynamic changes on an isentropic surface really 
depend only on pressure changes, show that pressure is 
of more fundamental significance than elevation. 

Another great advantage lies in the ease with which the 
weight of air contained between. two isentropic surfaces 
may be determined. For a vertlcal cross section of unit 
area this is given by : 

where p is the density, g is the gravity acceleration and 
h measures the height. Thus with two isentropic surfaces 
charted, the mass contained between them is given by 
a simple subtract,ion of the pressures a t  t,he various points. 
The change in this difference in a stated period gives the 
isallobaric contribution of the layers in question. 

Examples of charts prepared after the new manner are 
contained in figures 2 and 3 which represent two surfaces 
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corresponding to potentiul temperatures of 2 9 5 O  and 299' 
for February 3, 193s. The y,-isobnrs are tlrawn with 
solid lines ancl tlie broken lines .are the y-isobars. The 
stippled area represents the regioi: of saturation, found 
from the points of intersection of the slgnificniit isobars, 
all of which are clenrly shown. This weti agrees closely 
with the area of altostratus clouds and precipitation as 
shown by the surface map. Even without the help of 
surftice reports it is evident that tlie chnrt caniiot be 
drawn in any way save to  represent the saturation area 
practically 11s shown. Another feature of the chiirts ih  
the nioist tongue extending into hliimesotn nppnrciirly 
with a moisture niasiniuin near Fargo and n dry area 1w:ir 
Omaha. This feature would Bardly sl!ow up on the 
specific humidity nrid altitude type of chnrt. 

Consft.uction of crors .sections.-A very helpful link for 
aiding in the interpret8ation between the surface m i p  ::id 

Lines of equal condemntion temperature shorn tlie 
moisture content of the air. Tliesc have similar advan- 
t:,ges over isogriinis of specific hiimidit y RS do isentropic- 
conc1ens:ition presures. In the fist place, the isentropic- 
condeasi&m tcmperp tiire nloiig n given isentropic surface 
is ii direct function of p. This is shomn by substituting 

( 5 )  for eo in ( 2 ) ,  for from (7) \-.-e h i v e  yo= (i TO)'", wliicli, 

substituted in (21, gives 

FIGURE 3. 

the isent,ropic cli:irt is the atmospheric cross sect,ion. Riy 
colleague, C. H. Fierce, has found that for the best 6hw- 
inoclynninic int,erpretation t,hese c.ross sec,tions sli?ulJ. bc 
c,onst,ruc.ted in ternis of ttltitucle and ctistnnce, with iso- 
therms of pot8ent,ial temperature and iost,lierms (in "A) 
of the isent,ropic,-condensatioii tempc-i-l.ture. Isotherms 
of potential t8empernture are, of course, isentropic, sur- 
faces. These lines show the slope of t,lic isentropic sur- 
faces in the v e r t i d  plane of the cross section c.onst,ructed, 
and they also give one some idea of the ve,rt,ica.l stabilit,y 
between any two chosen surfaces. 

\vc~ilcl not. correspond t o  q=isograiiis because for a given 
cwntlensation tenqwmture tlie specific hurniclity would be 
tiiil'erent for tliiferent pressures. Tliis variation of p with 
"2) at constant temperature cnn  be ~110~71 hj- ditferentiuting 
( 2 ) ,  liolcljlig To constiint, which, accwrcling to ( 5 )  means eo 
c.orlht:Int. 

IT~ing orclinnry values of p a n d  po one hcls that this varia- 
tion in the specific humidity represented by a given To 
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for changing pressure usunlly is less than 10 percent per 
100 mb change. For example, if p ir 10 gil;g and pn is 
1,000 nib, the clin17.g~ noiild he :L 1-grnm inc 
per 100 iiib ascent in tlie :itnioyhere ; 0.5 g per 100 inb :it 
a pressure of 500 iiih, etc.  At 1 g,%g :mcl 1,000 nib the 
cliangc woould be 0.1 g per IOC: ti i l l .  It is felt tliat thc ad- 
vnntages or̂  using this qu:jntiiy c~utucigli tijis i~ic~s:ictiiess 
in the :ibsolute iiiemireiiient of intiLturc cuntent . ‘rht‘re 
seems to be no re:isoii uliy rcprcwnt:i~ ion in tern:> of 
specific liuriiiclity sl~oiilcl lie prekruhle p i  cc, :IS b c r t h  : rc 
invnrinnt in an :iclinlmt ic IJl’oC’css. 

By coniparing the iiotlicrm.; of potent i d  tenipernt lire 
and the T,-isoiliernis, one can get n h k l y  good i t h  u€ the 
iiearness to conc1ens:ition. The dii3’erenc.e e- To :it :I 

111 to the 3,000 m. Assuming that, the airflow is from 
Omnlia to Chicago, one would expect snturntion slightly 
io  the east of Chicago at 3,150 ni above sen level. 

Like the condensation pressure, To gives a more repre- 
sentat ire difference in moisture content :it, low values. 
Furtliertnore, there woulcl be no crowding of these lines 
when the moisture content is high, n s  is tlie case \$hen iso- 
grams of specific humidity are used. 

Cross sections of this type, it is to he noted, are con- 
structed entirely of isothernis just as the construction of 
isentropic chnrts advocated here coiisists entirely of 
ihohnrq. 

7 h t> ?no ist-(id ici blrtic pruceas.-Tlie ordinary isentropic 
cli:irt does not give a correct picture of the flow pattern for 

point on tlie cross section .cliows the ~ i u ~ i i b e r  of d c y ~ ~ s  
the air must be cooled to  reach condrnsatiun if lilted from 
the 1,000-nib level. It is hnoun tlint, c!uring nciicil,:>tic 
nscent the temperirture fnlls :lpproxinintely 10’ pcr 1,111. 
Therefore, if tlic tlitt’erence is 2 5 O ,  satiiration R oultl lie 
expected near 2,500 meters; tlint is, :iFsuiiiing that the 
sen-level pressure is 1,000 mb, vhicli i5 selc!oiii tlie c i w .  
However n rough estimite of the height of tl:r 1,(KWmb 
isobar can be niade frmi the prcssiircs of the surfnce nirp. 

9 s  a n  illustrntion, suppose tliet r t t  1 ,on0 in o x  er O11itl:n 
we find e==295 nntl T,=275, ~iinking e- T(,=2O0. Accord- 
ingly one would expect snturntion at 2,000 meters n h n w  
tlie 1,000-mb surface. If the 295’ isentropic surface 
slopes upw-arc1 to  2,000 meters toward C’liicago and if 
the sea-level pressure at  Chicago is 1,030 nib we ncld 180 

conditions of saturntion. After c~~nde~iwt ion  the air 
iollows a sa turation-adiabatic or pseudoocliabntic surface 
with c~ontinuously increasing potentinl temperature. In  
this process the equivalent-potential temperature is con- 
stant. At the condensrttion level the pressure, po,  and 
the potential tempera tnre designa te the equivdent-poten- 
tin1 teniperature surface or pseudoat1i:thatic which subse- 
quently is to be followed. Since after saturrition po=p 
it is easy to find from thermodynamic charts the rate a t  
mliich this psei1clo:idinbatic cuts through the successive 
1)otential-tempera ture (isentropic) si1rf:ices. It is not 
siiflicicnt however, t o  calciilate in thib way the rate of 
ascent of the air using the vertical and geograplGcal dis- 
tribution of potentinl temperittiire in the surroundings 
l )ec~use  condensation immectiatelg 01 ters the field of po- 
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tential temperature. The release of the heat of vapor- 
ization from the water vapor upon condensation a t  any 
point causes an increase of potential temperature a t  that 
point. Thus a lowering of the potential temperature 
surfaces in the saturated layers occurs. 

The transformation from unsaturated to saturated con- 
ditions in a region on the isentropic chart is marked by a 
decrease in the slope of the potential-temperature sur- 
faces. The moist tongues usually flow up a “valley” 
of the isentropic surface and the effect of saturation in 
such a “valley” is to change its shape by this decrease 
in slope. 

With a dense network of upper-air soundings in the 
moist region one would expect to be able to t<rac.e the flow 
in the saturated layers of ascending air by means of the 
surfaces of equivalent-potential temperature. These 
would always have a greater slope than the potent,ial- 
temperature surfaces in the region of saturation. Afte.r 
eome experience in c,onstructing isentropic charts where 
saturation wa,s indicated, it was realized that the lapse rate 
in the air in the region of saturation should be alpio?t 
esactly the pseudoadiabatic as a result of stirring witlun 
t,he air layers in questmion, producing constant equivalent- 
potential temperature in the vertical. Therefore ident.i- 
fication of the surface of consta,nt eq+dent-potent,iaJ 
temperature is not possible because it is not a surface, 
but a layer of finite thickness. 

The analysis of the two isentropic charts for February 
3, 1938 is shown in figures 2 a,nd 3, and Dhe pressure 
differences between the 295 and 299 surfaces are plot,ted 
in figure 4. It will be. noted that in the region of satura- 
tion the pressure difference is about 100 mb. This is 
exactly the difference corresponding to a constant equivn- 
lent-potential temperature vertically in the layer. 

It is possible to carry these idens farther and st,ate tha.t 
if the pressure difference between the two surfaces is less 
t,han that indicated for constant equivalent-potent,ial 
temperature (lapse rate less than pseudoadiabat,ic) it is 
possible to trace the constant equivalent-potentin.1 tem- 
perature surface along which the air would move after 
saturation. Howe,ver, it is probable that in cases of pro- 
longed cloudiness and prec.ipitntion the lapse rate is close 
to the pseudoadiabatic, a fact which seems to be borne 
out by observation. Accordingly, no matter what the 
value of the pressure difference between isentropic sur- 
faces may be in a given region before saturation, after 
saturation it will soon become equal to that corresponding 
to a constant equivalent-potential temperature. Further 
investigations into these various possibilities are con- 
templated. 

Conclusion.-The thermodynamic isentropic chart has 
the following advantages over the chart based on eleva- 
tions and specific, humdities : 

1. Better representation of significant moisture differ- 
ences a t  low values. hloist tongues a t  low temperatures 
show up as well as those a t  high temperatures; not so on 
the other type of chart where witb winter temperatures 
over the continent they may not even appear a t  all. 

2. Nearness to condensation can be determined by the 
“condensation ratio” pJp directly from the chart and es- 
pecially by noting on the chart the distance separating a 
21,-isobar and a p-isobar of equal value. This cannot be 
shown directly with q-isograms. The ratio po/p. is the only 
expression of the nearness to saturntion that is of direct 
thermodynamic significance in an isentropic process. 

3. Arens of saturation are indicated directly. 
4. A met,hod of indicating the flow under saturation- 

adiabatic conditions is provided. 
5. Isotherms can be indicated ensily, a given tempera- 

ture being everywhere a t  the same pressure. This is 
useful for aeronautical purposes in indicating the location 
of the freezing isotherm. 

6. The weight of air in the layers between isentropic 
surfaces can be read off immediately. 

7. Cold lows appear: as regions of greater activity and 
warm highs as less active than on the other type of chart. 

8. The greeter ease of preparation is a distinct advant- 
age. Pressures can be read off directly from the adiabatic 
chart without the labor of constructing an altitude curve. 

While the thermodynamic uses of the chart have been 
indicated principally in this paper, it should be noted that 
advantages listed under 1, 4, 6, and 7 above also accrue 
in the use of the chart for strictly hydrodynamical pur- 
poses. There appears to be no reason why the type of 
chart advocated here is not preferable for practically all 
uses, and if only one chart is drawn in daily synoptic 
practice the one recommended here is distinctly preferable. 

It might be argued that the use of p,-isobars does not 
permit a good measure of the transport by horizontal tur- 
bulence, which is proportional to the gradient of specific 
humidity, -vq. At saturation this latter relationship will 
not hold because there can be no net transport horizontally 
in this stage; yet -V will not be zero except along an iso- 
baric surface. In dazg synoptic practice an exact compu- 
tation of the horizontal transport usually is not attempted, 
although there is no reason why it should not be possible to 
compute it with a fair degree of reliability. Unless it can 
be shown that the horizontal transport can be expressed 
in terms of p, in place of q, the method advocated here 
will have therefore a disadvantage in this one respect. 

RELATION OF PRESSURE TENDENCIES TO CYCLONES AND FRONTS 


